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(57) Abstract 

The present invention is directed to support members having surfaces that are rendered hydrophilic for use as a substrate for the 
immobilization of bioactive species thereon. The hydrophilic surfaces are chemically stable on the support member. The surfaces are 
also chemically variable to provide a variety of chemically functional groups for immobilization of bioactive species thereto. The surfaces 
comprise polymeric surfactants attached onto the surfaces of a support member and covalently cross-linked thereon to form a first layer. 
Hydrophilic polymers are then attached to the first layer on the support member to form a second layer thereon. The second layer is used 
to enhance the hydrophil icily of a support member as well as to provide a substrate for immobilizing bioactive species thereto. Methods for 
forming the first and second layers are also provided. In addition, methods for attaching bioactive substances to the hydrophilic polymers 
are provided. 
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This application is a continuation-in-part of co-pending application Serial No. * 
08/660,698, Filed June 3, 1996. 

Field of the lnvp^rj on 

The present invention relates generally to immobilized chemically functional entities. 
More particularly, the invention relates to materials and methods for the immobilization of 
bioactive species onto polymeric substrates. 

Background of the Invention 

In the fields of biotechnology, biomedicine, and bioremediation, for example, 
bioactive species are often immobilized onto a support member to more effectively utilize the 
bioactive species. The term "immobilize," and its derivatives, as used herein refers to the 
attachment of a bioactive species directly to a support member or to a support member through 
at least one intermediate component As used herein, the term "attach" and its derivatives refer 
to adsorption, such as, physisorption or chemisorption, ligand/receptor interaction, covalent 
bonding, hydrogen bonding, or ionic bonding of a polymeric substance or a bioactive species 
to a support member. Bioactive species include enzymes, organic catalysts, ribozymes, 
organometallics, proteins, glycoproteins, peptides, polyamino acids, antibodies, nucleic acids, 
steroidal molecules, antibiotics, antimycotics, cytokines, carbohydrates, oleophobics, lipids, 
pharmaceuticals, and therapeutics, for example. Cells, such as, mammalian cells, reptilian 
cells, amphibian cells, avian cells, insect cells, planktonic cells, cells from non-mammalian 
marine vertebrates and invertebrates, plant cells, microbial cells, protists, genetically 
engineered cells, and organelles, such as mitochondria, are also bioactive species. In addition, 
non-cellular biological entities, such as viruses, virenos, and prions are considered bioactive 
species. 

There are various materials suitable for use as a support member for immobilizing 
bioactive species. Examples of these materials include hydrocarbon polymers, fluorocarbon 
polymers, ceramics, and metals. Of these materials, polytetrafluoroethylene and porous 
polytetrafluoroethylene, are of particular interest as support members. Polytetrafluoroethylene 
(PTFE) is a hydrophobic fluorocarbon polymer well known to have exceptional resistance to 
solvent and chemical attack. Porous polytetrafluoroethylene can be made in a variety of ways. 
For example, coextrusion of a polytetrafluoroethylene extrudate with a readily vaporizable 
material such as naptha, forms a material from which the readily vaporizable material is 
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ultimately removed to render the material porous (See U.S. Patent No. 3,281 ,5 1 1 , which is 
incorporated here,n by reference). Expanded polytetrafluoroethylene (ePTFE) or stretched 
polytetrafluoroethylene are porous fluorocarbon polymer materials characterized primarily by a 
multiplicity of interconnecting voids defined by nodes and fibrils of polytetrafluorethylene 
material. Expanded PTFE materials, including ePTFE membranes and films described 
hcreinbelow, may be made according to the teachings of U.S. Patent Nos. 3,953,566, 
3,962,153. 4,096,227, 4,187,390, and 4,902,423, each of which is incorporated herein by 
reference. In general, porous PTFE materials are chemically stable and very biocompatible. 
The materials have easily controlled pore sizes with large surface area/volume ratios, good 
mechanical strength, and good resistance to fouling, among other properties. Accordingly, 
these materials are attractive as support members for the immobilization of bioactive species. 

Several methods for immobilizing bioactive species onto fluorocarbon polymers, such 
as PTFE porous PTFE, or hydrocarbon polymeric materials have been taught in the literature. 
These methods include, for example, chemical modifications of the polymeric material to form 
chemically reactive groups thereon for covalent bonding of a bioactive species to the material, 
adsorption of a bioactive species to the polymeric material, and modifying the polymeric 
matenal and/or a bioactive species with compatibilizers, surfactants, or wetting agents to alter 
their surface energies. As described below, there are difficulties with each of these methods. 

Due to the extreme chemical inertness of the backbone of fluorocarbon polymers and 
many hydrocarbon polymers, only highly energetic classes of reactions can successfully alter 
the backbone of these materials to produce chemically reactive organic moieties thereon. When 
chemically reactive organic moieties are formed along the backbone of a fluorocarbon or 
hydrocarbon polymer, bioactive species can be attached to the moieties. For example, enzymes 
have been chemically attached onto ammonia plasma-treated fluoropolymer surfaces usmg 
ammonia plasma and glutaraldehyde (See M. Kawakami, H. Koya. and S. Gondo, 
"immobilization of glucose oxidase on polymer membranes treated by low-temperature 

plasma " Fp'"h Ri " eng - 32: 369 ' (I988)) ' ° r aminosi,ane and g lutaraldeh y dc (J M " Ta y ,or ' 
M Cheryan T Richardson, and N.F. Olson, "Pepsin immobilized on inorganic supports for 
the continuous coagulation of skim milk," Biotech . Btofltt. . 19: 683 (1977), for example). 
Representative examples of these highly energetic reactions include, thermal decomposition 
' (U S Patent No 5 296,510, issued to Shigeru et al.), irradiation with electrons, gamma rays, 
radio waves, microwaves (T. Kasemura, S. Ozawa. K. Hattori, "Surface Modification of 
Fluorinated Polymers by Microwave Plasmas," U&ZXm. 33: 33 (1990); Commonwealth 
Scientific and Industrial Research Organisation in PCT/AU89/00220; Y. Ito, Y. Iguchi, T. 
Kashiwagi Y Imanisihi, "Synthesis and nonthrombogenicity of polyetherurethaneurea film 
grafted with poly(sodium vinyl sulfonate)," 1 Bjomer| Mrtff, R«.. 25: 1347 (1991); and Y. 
ho M Kajihara, Y. lmanishi, "Materials for enhancing cell adhesion by immobilizauon of cell 
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adhesive peptide," J, Piomgd, Mater. RC5„ 25: 1325 (1991)), or UV light (K. Allmer, A.E. 
Feiring, "Photochemical Modification of a Fluoropolymer Surface," Macromolecylfts 24: 5487 
(1991); A.B. Pointer, W.R. Jones Jr., R.H, Janse, "Surface energy changes produced by 
ultraviolet-ozone irradiation of poly(methyl methaciylate), polycarbonate, and 
5 polytetrafluoroethylene," PolYm, Eng. Sri, 34: 1233 (1994)), glow discharge irradiation (R. 
Sipehia, G. Martucci, M. Barbarosie, C. Wu, "Enhanced Attachment of and Growth of 
Human Endothelial Cells Derived from Umbilical Veins on Ammonia Plasma'Modified 
Surfaces of PIPE and ePTFE Synthetic Vascular Graft Biomaterials," Biomat Atj Q f .| | s 
lmnob, Biotech,, 21 : 455 (1993)), and redox reactions with strong nucleophiles such as 
10 sodium or potassium aryloxides (CA. Costello, T.J. McCarthy, "Surface-selective 

Introduction of Specific Functionalities onto Poly(tetrafluorocthylene)," MacTomnW u j n 20: 
2819 (1987); AJ. Dias, TJ. McCarthy, "Introduction of carboxylic acid, aldehyde, and 
alcohol functional groups onto the surface of poly(chlorotrifluoroethylene)," Macromnlef^ | f ^ 
20: 2068 (1987); G.E. Sweet, J.P. Bell, "Selective chemical etching of poly (ethylene 
15 terephthalate) using primary amines," J. Polvm. Sci. Phvs Frf , 16: 1935 (1978); and H.B. 
Lin, S.L. Cooper, "Polyurethane copolymers containing covalently attached RGD-peptidc," 
Mat, RgS, Soc, Svmp PTCC. 252: 185 (1992)), or ozone (R.L. Daubendiek, J.G. Calvert, 
"The Reaction of Ozone with Peril uorinated Poly olefins," Environ. Lett. . 6: 253 (1974)). 

These high-energy modifications can be highly destructive to polymeric materials, 
however. With PTFE and porous PTFE, for example, high-energy modifications of the 
fluorocarbon backbone often leads to uncontrolled surface erosion of the material, 
depolymerization of the perfluorocarbon backbone (A.B. Pointer, W.R. Jones Jr., R.H. 
Jansen, "Surface Energy Changes Produced by Ultraviolet-ozone Irradiation of Poly (methyl 
methacrylate), Polycarbonate, and Polytetrafluoroethylene," Polvm. En g Scj ,, 34 : 1233 
( 1994)), reduction in the strength of the polymer substrate (S. Kanazawa, T. Takiguchi, A. 
Nishimora, T. Morita, and A. Uno, "Development of a Hydrophilic PTFE porous membrane 
filter," Sumitomo Pfflki, 147:99 (Sept, 1995), and loss of defined fibrillar structure of porous 
expanded PTFE (U.S. Patent No. 5,462,781, issued to Zukowski). 

Furthermore, high energy modifications to hydrocarbon polymers and fluorocarbon 
polymers, such as PTFE or porous PTFE, often produce reactive compositions on the 
hydrocarbon or fluorocarbon backbone that have an undeterminable surface density, chemical 
identity, and chemical stability (X. Xie, T.R. Gengenbach, and HJ. Griesser, "Changes in 
wettability with time of plasma modified perfluorinated polymers." J. Adhesion Sci Techno ), 
6:1411 (1 992). In addition, the modification of the hydrocarbon or perfluorocarbon backbone 
may be spatially uneven, with microscopic or macroscopic areas of the polymer remaining 
unmodified. At best, these surface compositions can only be empirically determined and so 
may be only partially known. 
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With a hydrophobic porous polymer, such as cPTFE or porous polyedtytene, for 
example, modificanon of the backbone ma, be limited to the outer layers of the porous 
ml JL., with dm inner pore amerce* rematning mostly or complerely unmoved. As a 
1„, the unmodified regions of me polymer support mcmberrematn hydrop ob,c : and ,« do 
5 no, readily support werting ««» high surfaee .ension fluids. In .he absence of such w«tmg, 
continuous passage of high surfaee .ension fluids dtrough me support member for mass 
nanspor. of reacts or numem* .o and from an immobilized bioacdve spec.es cannot be 
cstaLed or maintained. Mermiuent or ineomple^paasage of high surface, e^mnflmd 
phases in a porous polymer support member can lead ,o cham,eling of me h,gh surface ,ens,o„ 
,0 flu d through only portion, of ,he peons ma,e,ial. manning in reduced efflc.ency. Moreover. 
Urese unmodified areas canno, be immobilized wi,h btoaaive species, resuldng ,n mefficten, 

use of me high surface area of the porous material. 

Due.o,heselimib«ion,,modifiea,ionofmebackbon«ofahydroeamono, 

fluorocarbon polymer support member wi,h a high energy reacdon is mos, orten an unsurtable 

15 method for immobilization of bioaclive species. 

As an alternate ,o dmse chemical modifications of polymene surface,, nonchemtcal 
merhods have been employed to artach bioacdve species ,o hydrocartmn and fluoroctubon 
Crt member, In the stmples, method, a b„ac,,ve species * tmrnobtltzcr. omo ,«.«•« 
„, a fluorocarbon polymer via simple phystcochemical adsorpuon. For example. M. Rueh* 

,0 B Turkiewiez and J.S. Zuk, "Polymeric membranes for lipase nomobibzabon, LAmJM 
r> Z 67 887 (1990) and ShuUs. M. e. a... » Contmuous In V,vo Glucose Analysts 
SSStSlU Bourm To Derivadzcd Teflon Membmne." ** 

«* -* -»« «W- — cPTFE However ' phy T"°H n 

species is oflen kinetical.y and thermodynamically unrtable, highly reverstble. and 
25 competidvely displaced b, solution phase reactants. produce, or nu,r,e„,s In addmon 

hysCfio - — - *» bi0a "' Ve !PKieS ' ThUS ' PhySiSOrP,K>n T 

ptieTohydmcartonpolymerorflnorocarton polymer support members ,s no, usual,, a 

imlbifizadon technic Furthermore, the hydrophobic property o a ponms 

hvdrocartmn polymer or porous fluoroearton polymer support member, ePTFE. often 

■ Another non-chemical immobilization scheme, bioactive species such as ce. s have 

^ iiobilized ,o porous PTFE support members. Fo, exam *J^ - 
have been immobilized in PTFE fibril malices usmg an emulaton of PTFE 
(F W Hyde. GiR. Hun, and L.A. Errede. -Immobilizauon of bac,em ami toctero^,, 
,5 cemJL in poly(,e,rafluoroemylene> membrane,." taffil Fnvin.1 IztotoL , 57: 219 

11 ou, me emulsion in order to allow diffusion of nurrients to cells .mmobtltzed wnhm me 
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porous regions of the material. This method for immobilization of cells in the porous matrices 
of a fluorocarbon polymer is quite harsh, however, as many surfactants are cytotoxic. As a 
result, this method is not generally applicable to all cell types because the reaction conditions 
are often toxic to cell types such as plant or mammalian cells. In addition, the surfactant may 
initially obstruct some or all of the void space of the pores in such a porous support member. 
Lastly, the surfactant may leach from the support member with time. This often presents a 
toxic environment to the immobilized cells or channelling of nutrients, resulting in a 
heterogeneous distribution of cells within the porous support member. Accordingly, this is 
often an unsuitable method for the immobilization of bioactive species. 

In yet another non-chemical method, mammalian cells have been immobilized within 
ePTFE support members by forcing the cells into the pores of the material by hydrostatic 
pressure (University of Washington, PCT/US95/03735). However, cell viability is often low 
due to mechanical shearing forces produced during the process. In addition, the ePTFE 
remains hydrophobic and mass transport of liquid water across the thickness of the material 
may remain low, resulting in suboptimal transport of nutrients to the immobilized cells. 

In an attempt to improve the immobilization of bioactive species adsorbed onto 
hydrocarbon or fluorocarbon polymer support members, the hydrophobicity of the surfaces of 
such polymer support members can be modified with hydrophilic surface active agents, or 
surfactants. Hydrophobic surfaces are low energy surfaces that are readily wetted by low 
surface tension fluids, such as low molecular weight hydrocarbons or alcohols, and most low 
molecular weight organic solvents, such as benzene, acetone, toluene, and dioxane, etc. 
Hydrophilic surfaces, on the other hand, are high energy surfaces that are readily wetted by 
high surface tension fluids. Examples of high surface tension fluids include, but are not 
limited to, liquid water, aqueous salt and protein solutions, dimethyl formamide, dimethyl 
sulfoxide, glycerol, hexamethyl phosphorictriamide, formamide, and glycol, for example. In 
these methods, surfactants were physisorbed onto the surfaces of a polymeric hydrocarbon or 
fluorocarbon support member. When a surfactant is applied to the surfaces of a hydrophobic 
polymeric support member, the surface energy of the support member is usually increased. The 
increased surface energy of the support member often facilitates attachment of a bioactive 
species to the support member. For example, U.S. Patent Nos. 5,077,215, issued to 
McAuslan et al. f 5,183,545, issued to Branca et al., and 5,203,997 issued to Koyama et aL, 
teach the adsorption of anionic and nonionic fluorocarbon surfactants to the surface of 
fluorocarbon support members to modify their hydrophobicity. As a result, the normally 
hydrophobic surface of the polymer was rendered more hydrophilic. This was followed by 
physisorption of a bioactive species onto the surfactant-modified polymer surface. 

In similar methods, the adsorption of surfactants onto polymeric support members is 
taught wherein bioactive species are subsequently bound to the adsorbed surfactants. For 
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sample U S Paten. No. 5,263.992. issued to Guire e. at., teaches adsotptton of polymeric 
chains .o a support member, to which biomolecu.es ate attached through a photoactive .gen., 
to Utis manner, bioactive species were more readily immobdixed onto the support member than 
,f toectly immobihaed onto the underlying hydrophobic polymer surface. Ahernauv.ly>e 
bioactive speciea may be covalently bonded directly to the surfactant rather than phys.sorbed 
.hereto (See also, U.S. Patent No. 4,619.897, issued to Hato et al., for example). 

In toese ntethods, the presence of a surfactant provided for a surface havtng a 
hvdrophilicity that initially enhanced the immobilization of bioactive speciea. For ^porous 
support metnbers. the surfactant also initially provided continuous water phases ttoough the 
, pores of the support member. As discussed in greater detail below, ,mmob.l,xa.,on of tooact.ve 
species with surfactants is usually unstable over thne, however. 

The physicochemical stability of the immobilized bioactive species is another concern 
when bioactive speciea are immcMiaed with surfactants. The adson»ion - 
polymeric support member can serve to enhance the strength of btospectes adaocpnon. but the 
, L pee.es mTdeso* nom toe surfa— ed surface nevertheto .order to tmprove 
toe Mention of.be bioactive species on a support member, U.S. Patent No. WW 

sned to d'Eveleigh. toachea modifying biotog,cal ligands themselves w„h aurfacton* pnor to 
p action of toe surfactant onto toe support member. However modiftca on of tooacove 
pL.sw.th surfacunts pnor to physisorption onto hydrophobtc polymer surfaces m 
0 Imaticaliy impact toe bioactivity of to. bioacdve spec.es. For example, toe enzyme! cute 
SSL - admixed with surfactants and physisorbed onto PTFE m.cropart,e,es 
ting in a drop in enzymatic activity of 96% ( N.D. Danielson, and P^tergte . 
«"ation of earner on polyt^fluoroethylene particles packed m HPLC column. 
j^Jto ,23: 1913(19..)). In another exzntple, the enzyme urcase was mod.f,ed 
25 SptSy. chains and toen physiaotoed onto ePTFE resuldng . . «- - *JP » 
. «fin 18% and doot overall enzymatic stability (R.K. Kobos, J.w. 

Z pa^ion of Lyme Eleonodes," AatuJCta,.. 60: .996 (.988)). Addtoonally. 

■ may be accelerated with the applicauoo of cosolvent*. changes ,„ pH, or elevatod 

lT™,Lh as autoclaving, often lead,ngtosigtor,can.t«orga W aa U oooftoeb»ac..ve 
" to surface of the support member. This can cause a toss in wetong potenua, of toe 

member w,to high surface tenston liquids and/or uneven spatia, .mmobtlaauo. o a 
supponm. 5,352.511. issued to Abaysekara a a..). AsaresuUof 

toolive species to a hydrophobic support member is most often an unsunable metoCK.. 



6 



WO 97/46590 



PCT/US97/09634 



Surfactants, whether physisorbed onto a hydrophobic support member or attached to a 
bioactive species and then adsorbed to a hydrophobic support member, are subject to 
desorption. For example, R.I. Foster, et al. in "Analysis of Urokinase Immobilization on the 
polvtetrafluoroethvlene vascular prosthesis." Am. J. Surg . 156: 130 (1988) teach adsorption 
of the hydrocarbon surfactant tridodecylmethyl-ammonium chloride onto the surfaces of 
ePTFE followed by immobilization of the enzyme urokinase to the surfactant. The adsorption 
was unstable and the enzyme/surfactant construct was eventually displaced. An additional 
limitation with this immobilization method is the tendency for the surfactant to leach into the 
solute phase, often with undesired consequences, such as contamination or inactivation of 
desired products or the bioactive species. Accordingly, immobilization of bioactive species 
onto a hydrophobic support member with a surfactant is usually unstable, short-lived, and 
potentially harmful to the bioactive species. 

The stability of surfactant adsorption on a hydrocarbon or fluorocarbon polymer 
surface can be enhanced by increasing the molecular weight of the surfactant (J.H. Lee, J. 
Kopecck, J.D. Andrade, "Protein-Resistant Surfaces Prepared by PEO-Containing Block 
Copolymer Surfactants," J. Biomed. Mater Res 23: 35 1 (1989)) or by lowering the 
molecular entropy of the surfactant (J.H. Lee, P. Kopeckova, J. Kopecek, J.D. Andrade, 
"Surface Properties of Alkyl Methacrylates with Methoxy (polyethylene oxide) Methacrylates 
and Their Application as Protein-resistant Coatings." Biomaterials . 1 1: 455 (1990)). Either of 
these approaches can be accomplished by producing surfactants with branched or comb-like 
hydrocarbon chains, rather than linear hydrocarbon chains, for example. However, the 
stability of the adsorbed surfactant may still be transient, albeit much stronger, and may desorb 
from the support surface nevertheless, rendering this technique potentially unfeasible for long 
term applications. 

In another method to reduce surfactant desorption or surfactant motility, adsorbed 
surfactant chains may be covalently cross-linked to adjacent adsorbed surfactant chains, 
producing new surface-bound planar molecules. The resulting planar molecules are of very 
high molecular weight and have greatly reduced molecular entropy. This type of cross-linking 
dramatically reduces the incidence of desorption or surface migration of the surfactant. For 
example, U.S. Patent Nos. 4,929,666, issued to Schmidt et al., and 5,006,624, issued to 
Schmidt et al. teach adsorbing copolymers of fluoroalkyl acrylates and carboxylic vinyls, 
respectively, onto fluorocarbon polymer surfaces, followed by surface cross-linking of 
adsorbed carboxylic moieties to produce a coating highly stable to surface reorganization or to 
desorption. In another example, a hydrophilic fluorocarbon polymer of tetrafluoroethylene-co- 
vinyl alcohol was adsorbed and chemically cross-linked to itself using a polyether bisoxirane 
cross-linker (U.S. Patent No. 5,354,587, issued to Abaysekara). In another example, a 
hydrophilic hydrocarbon polymer of polyvinyl alcohol was adsorbed and cross-linked to itself 
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* trfehvde crass-linker (U.S. Patent Nos. 4,113.912 and 4.193.138, bosh issued to 
:Z rltdT^ s^e berag rendered wenable * *« water and the 
lid ^polymer mo.ecu.es being hi 8 h,y resist lo d«orpUo„ or ,o surface mtgratto, 
however ftwse hydrophilic surfaces have .Wed or gready reduced numbers of chem,ca,ly 

atoroeo copo , copo i yme r or surfactant layer to 

^Tadled J^.orcopo.ymarmolecu.eso.hy^norfhsornc^ 
^mer Lpporf membe* is often unsuitable for the subsequent ftnmobdtzatton of btoacrtve 

suchaco^ionwoulde.ableapracthionec^ 
numb« and/or variety of immobtlizedbioacove species. A p^cnoner would also 
nr^c. a conjugation scheme fo, .mmobihaation of a bioactive specs that ,s beat 
suited for the particular bioactive spec.es. 

As described in Use Background Section, prior methods for the ^"iaattonof 

■ ft as hUlity to take preventive measure* to reduce the ttesorpuon of tmmobthzed 
, wel . as, the » > ma ^ no:MsUv t0 nodify the btoacttve spaces 

bioacve speetea from uppoft ™ a member 

wuhhydrophthesufac sto h |e ^^^^.ofcbemierily 

surraKS ofthe can be varied. Tbe ability to v„y the chemically 
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physically and chemically stable substrate, or first layer, to which ia hydrophilic polymer is 
subsequently attached forming a second layer thereon. Preferably, the hydrophilic polymer of 
the second layer is covalently attached to the cross-linked polymeric surfactant of the first layer. 
The hydrophilic polymer of the attached second layer has chemically functional groups through 
, which bioactive species are immobilized. The hydrophilic polymer of the second layer is 
selected to provide one or more specific type of chemically functional group for immobilization 
of bioactive species. Once a bioactive species is attached to the second layer, the result is a 
support member having hydrophilic surfaces thai are physically stable and chemically variable 
to which bioactive species are stably immobilized (See Figure 1). 

If desired, a plurality of layers of hydrophilic polymers may be attached to the first 
layer and bioactive species attached to at least one of the layers (See Figure 2). In addition to 
serving as a substrate for immobilization of a bioactive species, additional layers of hydrophilic 
polymers can serve to enhance the hydrophilic properties of the construction and/or as a 
permeable protective covering for the bioactive species. 

Alternatively, bioactive species can be immobilized directly to chemically functional 
groups of the first layer, as illustrated in Figure 3, or to excess chemically functional groups of 
the cross-linking agent attached to the first layer, as illustrated in Figure 4. 

Referring to Figure 1, one embodiment of the present invention (10) is directed to a 
material having immobilized bioactive species comprising a support member (12); a first layer 
(14) comprised of at least one species of a polymeric surfactant attached to the support member 
and cross-linked together in situ; a second layer (18) comprised of at least one species of a 
hydrophilic polymer attached to the first layer; and at least one type of bioactive species (19) 
attached to the second layer. 

While the present invention has wide applications, it is particularly suitable for 
immobilization of insulin secreting pancreatic islet cells or genetically engineered insulin 
secreting cells. Immobilization of such cells may be useful for facilitating transplantation 
and/or implantation of the cells into a recipient as a means for treating or ameliorating various 
diseases, such as neuro-endocrine diseases, including diabetes mellitus, neurological diseases, 
including Parkinson's Disease, metabolic deficiency diseases, including Hurler's Disease, for 
example. The present invention is also suitable for the immobilization of renal epithelial or 
interstitial cells for use in renal failure therapy. Of particular interest in this regard is the use the 
present invention in the form of a membrane barrier for the encapsulation of immobilized 
therapeutic cells. Another use of the present invention is for the immobilization of hepatocy tes 
for construction of extracorporeal liver assist devices. Yet another use is the immobilization of 
bioactive species, such as autologous vascular endothelial cells, onto a synthetic vascular graft 
or onto a polymer coated metallic stent for improvement of vascular patency. Further uses 
include the immobilization of anti-coagulant factors, such as heparin, heparan sulfate, tPA, 
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protein S, various lysine compounds, urokinase, protein C, etc. onto a synthetic vascular graft 
or onto a polymer coated metallic stent for improvement of vascular patency; .mmobthzatton of 
pro-coagulant factors, such as tissue factor, von Willebrand factor, factor XIII, kmmogen, 
thrombin, etc; the immobilization of adhesion-dependent or adhesion-independent cell fane, 
comprising genetically engineered cells for use in genetic therapy; the immobmzauon of 
adhesion-dependent or adhesion-independent cell lines for use in transplantation therapy; the 
im mobilization of pro-adhesive ligands. such as the tripeptide Arg-G.y-Asp, collagens, and 
fibronectin, for example, in order to promote adhesion of cellular bioactive spec.es, the 
Mobilization of anti-adhesive ligands, such as dextran, albumin, and polyethylene glycol, for 
example in order to reduce non-specif.c cellular adhesion to support members; and the 
immobilization of bacteria or yeast cells for use in bioremediation and biotechnology. 

In other applications, enzymes, catalytic antibodies, or phase transfer catalysts may be 
employed in the present invention to perform biocatalytic reactions, such as biosensmg and 
enzyme affinity chromatography. In addition, proteins, peptides, carbohydrates, ant,bod,es, 
lectins or lipids may be utilized in the present invention to prepare ligand affinity or 
hnmunomatrix chromatography columns for detection or separation of products from a bqud 
stream Another use of the present invention is as a sofad substrate upon wh.ch the synthests 
of peptides or drugs can be conducted. In many of these uses, the present invention compnses 
a permeable, or semi-permeable, membrane barrier that provides a continuous solvent phase 
across the barrier, such as for transport of gases, nutrients, or reaction products. 

The present invention is also directed to methods for rendering the surfaces of a 
hydrophobic support member more hydrophilic by elevating the surface energy of fcese 

invention is also directed to methods for stably immobilizing bioactive spec.es to the 
hydrophilic surfaces formed on the support member. 



pri f f Descri ption St fr p drawings 

Figure 1 illustrates a cross-section of the present invention (10) having a first layer (14) 
attached to a support member (12) wherein the letter «V indicates that the constituents of the 
first layer are cross-linked together and the symbol ~ (16) indicates excess chem.ca.ly 

"B" (19) in Figure 1 represents a bioactive spec.es. 



FlgU re 2 illustrates a cross-section of the present invention (20) having an additional 
layer (26) of hydrophilic polymers attached to a second layer (24) with bioactive spec.es (28) 
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immobilized to the additional layer (26). The letter u x* indicates that the constituents of the first 
layer (22) are cross-linked together and the symbol u n M (23) indicates excess chemically 
functional groups of the cross-linking agent to which a second layer (24) is attached. The 
additional layer of hydrophilic polymers is represented as being attached to the second layer by 
5 a plurality of vertical lines. The letter W B M (28) in Figure 2 represents a bioactive species. 

Figure 3 illustrates a cross-section of the present invention (30) having a first layer (34) 
attached to a support member (32) wherein bioactive species are immobilized directly to 
chemically Junctional groups of the first layer. The letter u x" indicates that the constituents of 
10 the first layer are cross-linked together. The letter M B M in Figure 3 represents a bioactive 
species (36). 

Figure 4 illustrate a cross-section of the present invention (40) having a first layer (44) 
attached to a support member (42) wherein bioactive species (48) are immobilized to the first 
15 layer through excess chemically functional groups of the cross-linking agent. The letter M x M 
indicates that the constituents of the first layer are cross-linked together. The symbol "a" (46) 
represents excess chemically functional groups of the cross-linking agent. The letter **B n (48) 
in Figure 4 represents a bioactive species (48). 

20 Figure 5 is a scanning electron micrograph of the microstructure of a porous 

polytctrafluoroethlyene support member having a bioactive species immobilized thereon. 

Figure 6 illustrates a cross-section of the present invention (60) having a first layer (64) 
attached to a support member (62) wherein the constituents of the first layer are cross-linked 
25 together and excess chemically functional groups of the cross-linking agent are present. The 
letter M x" indicates that the constituents of the first layer are cross-linked together. The symbol 
" hM (66) represents excess chemically functional groups of the cross-linking agent. 

Figure 7 illustrates a cross-section of the present invention (70) wherein a first layer 
' ( 74 > is attached to a support member (72) such that the number of chemically functional groups 
* available for immobilizing bioactive species (71) from the first layer is increased by the addition 
of a second layer (78). The letter tt x" indicates that the constituents of the first layer are cross- 
linked together. The symbol M n w (76) represents excess chemically functional groups of the 
cross-linking agent. The symbol W -A" in the region depicting the first layer indicates 
chemically functional groups of the constituents of the first layer that have been consumed 
during the formation of the first layer and are no longer available for immobilization of 
bioactive species. The letter tt A M on the second layer represents unreacted chemically functional 
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significantly reducing the porosity of the support member (See Figure 5, for example). The 
result is a support member having surfaces rendered hydrophilic and wettable with high surface 
tension fluids throughout its bulk to which at least one type of bioactive species is immobilized. 

In the preferred embodiment of the present invention, the construction is assembled 
from the following components: a support member comprised of a polymeric material; a first 
layer comprised of at least one species of a polymeric surfactant, or a multifunctional 
copolymer, comprised of at least one domain that has a physicochemical affinity for the support 
member to allow physicochemical adsorption of the polymer onto the surface of the support 
member and at least one other domain that is chemically reactive to allow covalent cross-linking 
with a suitable cross-linking agent; a suitable cross-linking agent; a second layer comprised of 
one or more hydrophilic surfactants, homopolymers, or copolymers that contain chemically 
functional groups capable of reacting with unconsumed free cross-linking groups from the first 
layer and have additional groups to provide increased hydrophilicity to the construction and for 
subsequent attachment of bioactive species thereto; and a bioactive species attached to the 
chemically functional groups of the second layer 

Suitable materials for a hydrophobic polymeric support member include, but are not 
limited to, polytetrafluoroethylene, expanded polytetrafluoroethylene, porous 
polytetrafluoroethylene, fluorinated ethylene propylene, hcxafluroropropylene, polyethylene, 
polypropylene, nylon, polyethyleneterephthalate, polyurethane, silicone rubber, polystyrene, 
polysulfone, polyester, polyhydroxyacids, polycarbonate, polyimide, polyamide, polyamino 
acids, regenerated cellulose, or proteins, such as silk, wool, and leather. Expanded, or 
porous, polytetrafluoroethylene (eFTFE) is particularly preferred. Methods of making porous 
polytetrafluoroethylene materials are described in U.S. Patent 3,953,566 and 4,187,390, both 
issued to Gore, each of which is incorporated herein by reference. 

Though the present invention is primarily directed to constructions made with support 
members that are hydrophobic, some non-hydrophobic materials may also be suitable for use 
in the present invention. Suitable materials for hydrophilic support members include, but are 
not limited to, cellulosics, agarose, alginate, polyhydroxyethylmethacrylate, polyvinyl 
pyrrolidone, polyvinyl alcohol, polyallyamine, polyallylalcohol, polyacrylamide, and poly 
acrylic acid, for example. Lastly, certain metals and ceramics may be suitable materials for 
use as support members in the present invention. Suitable metals for support members 
include, but are not limited to, titanium, stainless steel, gold, silver, rhodium, zinc, platinum, 
rubidium, and copper, for example. Suitable materials for ceramic support members include, 
but are not limited to, silicone oxides, aluminum oxides, alumina, silica, hydroxy apapitites, 
glasses, calcium oxides, polysilanols, and phosphorous oxide, for example. 

To construct the present invention, a first layer is formed on a support member by 
adsorbing a polymeric surfactant to the surfaces of the support member followed by cross- 



13 



PCT/US97/09634 

W ° 97/46590 n « member the first layer is optionally 

sorted .o matena, s rhctanl „ isMl ved in a suitaMe solvent a, a 

example, a solution compnsed of »P°'>™^ 025% 10 ^,5%, .s 

concenunt.cn of abou, 0.001% . - • P— "»* 

5 MtiaUy adsorbed onto the surfacea and oputnjly » ^ } ^ ^ ^ 

m ember simply by T^^Tjt surfaces of*, support men.be,. 

20 minutes, .o pern... ,»»-*««■ , yvjnyl ^ 

Suitable ma-enals ft. «. M -** * « ^ ^uur.de, 
^ethylene glycol, V*P**- «lt^Z^<°W»^ 

po^lonttrile-co-aeo-lamide ,poly V pyiro |idooe, 
^crylic aeid, poly-lysine. polyedty 1 ™^'J' c ^ lym e r s, either a,one or in 
Hyhydcoxyethylmethacryl^^^ 
, 5 combination. Preferred copolymer " " „ , he suppon mOT ber. a motety 

capable of chemical modiftcauon «-" "-* ^ soch tha , one moi ery Mils aU of 
hi8h surface tens^n fluida Wk only one role. Sunable soivents 

(to e three ro.es simultaneously. H»M» ,„„,, 
20 for to purpose include, but are no, IMri e (DMF), dimethyl 
.e^ydrofumn. tnfluoroaeeuc "^^ch Lofbl, and superc*cal carbon 
sulfoxide (DMSO), aceton.tr.le, benzene, hexane. 

dioxide. „„. m her and me polymer chosen for the rust layer 

When using a 

hydrophobic suppon men.- - r. ^ be 

prewened with a miscible solvent hav.n 8 a low s mJy be 

nM eJ from the surface of theauppo — £ -* ^ oplioMl , «, step is 

using a sunable croas-linxin, agen, to serve .0 greatly reduccor 

high molecular weight. These very htgh motota «t ^ we i0 

cros , tt „xrng *r^7~: ruB c,onal or heterofunctional. tha. Wude. bu, arc 
chemically functional groups, eiiner 



14 



W ° 97/46590 PCT/US97/09634 
not limited to, aldehydes, epoxides, acyl halides, alkyl halides, isocyanates, amines, 
anhydrides, acids, alcohols, haloacetals, aryl carbonates, thiols, esters, imides, vinyls, azides, 
nitros, peroxides, sulfones, and maleimides, dissolved in solvents that wet the adsorbed layer. 
Solvents suitable for dissolving the cross-linking reagent include, but are not limited to, 
acetone, water, alcohols, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), dimethyl 
formamide (DMF), benzene, acetonitrile, and dioxanc. Other reagents include, but are not 
limited to, free radicals, anions, cations, plasma irradiation, electron irradiation, and photon 
irradiation. One preferred cross-linking agent is glutaraldehyde, preferably using a catalyst of 
HCI, preferably dissolved in water. 

Regardless of which cross-linking agent is used, the cross-linking agent is preferably 
added in excess, i.e. in such an amount that sufficient unreacted chemically functional groups 
of the cross-linking reagent will be present to serve as points of attachment for the second layer 
following the cross-linking step (See Figure 6). Thus, the cross-linking scheme fulfills two 
roles. In one role, cross-linking forms surface-bound planar molecules of extremely high 
molecular weight. In another role, cross-linking provides chemically functional groups to 
which the second layer is subsequently attached. Bioactive species are then attached to 
unreacted chemically functional groups of the cross-linking agent (See Figure 4). 

In an alternative embodiment, the polymeric surfactant of the first layer can be attached 
to the support member with methods that do not use a chemical cross-linking agent. For 
example, polymeric surfactants containing numerous nitrile groups can spontaneously self 
assemble into a stable conformal coating when adsorbed onto the support member. The 
stability of the coating is derived from the physical cross-linking of neighboring polymer 
chains via cyano polar interactions. In another example, the polymeric surfactant may be 
physically cross-linked using a suitable agent via acid-base coacervation, e.g., a first layer 
formed of a cationic polymeric surfactant can be physically cross-linked by the application of 
an anionic agent. In addition, an amphoteric polymeric surfactant may spontaneously self 
assemble into a conformal coating via internal acid-base coacervation. In yet another example, 
the Minnesota Mining and Manufacturing Company, in PCT/US9 1/07686, teach the 
application of a hydrophilic polyvinyl alcohol layer that is non-covalently cross-linked via inter- 
and intrachain polymer crystallization. 

The degree of cross-linking of the first layer may be assessed by Fourier Transform 
Infrared Spectroscopy (FTIR). For example, with FTIR, the free hydroxy! groups of 
polyvinyl alcohol (PVA) are detectable before cross-linking at approximately 3349 cm-i. After 
cross-linking, the peak shifts to approximately 3383 cm-i and decreases in height. As a 
positive internal control, an FTIR peak at approximately 2942 cm-i due to the CH 2 groups 
does not change position or height as a result of cross-linking. A shift in the hydroxyl group 
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When forming the second layer, various hydrophilic polymers may be selected for use 
in making the layer. Different hydrophilic polymers provide a variety of chemically functional 
groups to select from when attaching bioactive species to the second layer (See Figure 7). As a 
result, the second layer dictates the type of chemically functional groups to which bioactive 
species are immobilized. In addition, attachment of a second layer onto the unconsumed 
moieties of the cross-linking agent amplifies the number of chemically functional groups 
available for the immobilization of bioactive species to numbers much greater than possible 
using only the first layer of material on the support member. This is a key feature of the 
present invention because the ability to select the type and the number of chemically functional 
groups used to immobilize bioactive species provided by the second layer is not readily 
obtained with the first layer alone. 

A second layer is formed on the first layer by attaching a hydrophilic polymer to the 
cross-linked polymeric surfactant of the first layer through the unreacted chemically functional 
groups of the cross-linking reagent (See Figure 1). Preferably, the hydrophilic polymers are 
covalently attached to the polymeric surfactants. In one method, the second layer is attached to 
the first layer by immersing a support member having an adsorbed and cross-linked first layer 
in a solution of a hydrophilic polymer of the second layer at a concentration of about 0.001% to 
about 99.9%, preferably about 0.1% to about 50%, more preferably about 1.0% to about 25% 
and most preferably about 0.25% to about 5%. The solution of hydrophilic polymer includes ' 
an appropriate catalyst, such as organic acids or bases, mineral acids or bases, Lewis acids or 
bases, organometallic catalysts, organic and/or inorganic salts, heat, pressure, electron 
irradiation, photon irradiation, plasma irradiation, corona discharge, or pH, to effect attachment 
to the chemically functional groups of the first layer. 

Suitable hydrophilic polymers for use in forming the second layer include, but are not 
limited to, polyvinyl alcohol, polylysine, poly(acrylonitrile-co-acrylic acid-acrylamidine), 
polyacrylic acid, polyhydroxyethylmethacrylate, polyvinylpyrrolidone, polyethylene glycol, 
alginate, sepharose, mercaptosilanc, aminosilane, hydroxy lsilane, agarose, polyethyleneimine, 
polyallylaminc, polyaminoethylmethaciylate, polyomithine, polyaminoacrylamide, 
polyacrylamide, polyacrolein, polyacryloxysuccinimide, polysulfone, poly(acrylonitrile-co- 
acrylamide), or their copolymers, either alone or in combination. Polyvinyl alcohol is 
preferred. Suitable solvents for dissolving the hydrophilic polymers include, but are not 
limited to, water, alcohols, dioxane, dimethylformamide, tetrahydrofuran. and acetonitrile, etc. 

Once a second layer is formed on the first layer, bioactive species are then immobilized 
onto the second layer using mild bioconjugation techniques known to those skilled in the art 
(See K. Mosbach, Immobile F.nrvmes and Tells, Part B, Academic Press (Orlando, FL), 
(1987): G.T. Hermanson, A.K. Mallia, P.K. Smith, "Immobilized Affinity Ligand 
Techniques," Academic Pms , San Diego, (1992); S.F. Karel, S.B. Libicki, C.R. Robertson 
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seconds to about 24 seconds. A porous PTFE material modified according to the present 
invention has a permeability to air of about 24. Gurley seconds to about 26 Gurley seconds. 

In some circumstances, the interaction of a solution-phase reactant with an immobilized 
bioactive species may be suboptimal. For example, steric hindrances between the first or 
second layer and the immobilized bioactive species may limit the approach of the solution phase 
reactant to the bioactive species. In addition, physical bulk, electrostatic repulsion, or 
inappropriate positioning of the bioactive species may also contribute to reduced efficiency of 
the immobilized bioactive species. Accordingly, it may be desirable to place one or more 
additional compounds as a "spacer" or "tether" between the chemically functional groups of the 
first or second layer and the bioactive species to increase the space between the layer and the 
bioactive species. Suitable compounds for use as a spacer include, but are not limited to, 
succinic acid, diaminohexane, glyoxylic acid, short chain polyethylene glycol, and glycine, for 
example. It is understood that the second layer may itself serve as a spacer arm without 
necessitating the use of a separate spacer compound. 
1 5 The covalent immobilization of biospecies onto support members according to the 

present invention is generally non-reversible, i.e., the biospecies is not readily released from 
the first or second layer of the support member. Spacers, or tethers, capable of selectively 
releasing an immobilized biospecies have utility in receptor/ligand interactions, molecular 
identification and characterization of antibody/antigen complexes, and selective purification of 
20 cell subpopulations, etc. In addition, a selectively cleavable spacer affords predictable and 
controlled release of biospecies from the support member as opposed to the unstable 
physisorption of biospecies discussed in the Background section above. 

Selective release of the biospecies is performed by cleaving the spacer compound under 
appropriate reaction conditions including, but not limited to, photon radiation, enzymatic 
degradation, oxidation/reduction, or hydrolysis, for example. The selective cleavage and 
release of immobilized biospecies may be accomplished using techniques known to those 
skilled in the art (see for example, H:R. Horton & H.E. Swaisgood, "Covalent immobilization 
of proteins by techniques which permit subsequent release," Meth. Fn7vn^ l op y i 35: i 30 
(1987); S.S.Wong, Chemistry of Protein Conjugation and Cross-Linking, CRC Press (1991); 
and U.S. Patent No. 4.745, 1 60, issued to Churchill et al., which is incorporated herein by 
reference). Suitable compounds for use as cleavable tethers, or cleavable spacers, include, but 
are not limited to, polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, and 
cysteine-linkers such as Lomant's Reagent, for example. 

The present invention is not limited to the above-described embodiments having a first 
layer and a second layer. In other embodiments, additional layers of hydrophilic polymers may 
be attached to existing layers on the support member to form constructions with multiple layers 
of hydrophiJic material attached thereto. 
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the material, rendering the material translucent or opaque, the surface of the material was 
considered to be hydrophobic. 

To test the stability of the first layer of the film construction, two film constructions 
were used. A first film construction was made as described in Example 1. A second film 
5 construction was made similarly to the film construction of Example 1 , but without the cross- 
linking step. Both constructions were immersed in various refluxing solvents, such as water 
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), and acetone, for about 24 hours. ' 
The film constructions were then removed from the solvent, rinsed in fresh solvent, and air 
dried. The hydrophilicity of the particular surface was then tested by applying one or more 
10 drops of deionized water to the surface. The second film construction showed a significant 
decrease in the hydrophilicity of the surfaces of the construction. The reduced hydrophilicity 
was believed to be due primarily to desorption of the copolymer from the surface of the 
constructions and to copolymer chain migration on the surface of the constructions. The film 
construction of Example 1 , i.e., with cross-linking, remained hydrophilic under the same 
15 conditions. 

In another stability test, first and second film constructions were steam autoclaved ten 
times at about 120°C for about 15 minutes each, air dried, and then dipped in deionized water. 
When the second film construction was dipped in deionized water, the construction was 
considered hydrophobic. In contrast, the first film construction became spontaneously wetted 
20 to completion with the deionized water and so was considered hydrophilic. These results are 
believed to indicate surface instability and clustering on the surface the second film 
construction, leading to a reduction of wetting potential. On the other hand, the first film 
construction, in which the first layer was cross-linked, showed surfactant stability. 

25 Example 3 

This example illustrates use of another reagent for cross-linking the polymeric 
surfactant of Example 1 . The method is as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
30 Example 1 , the film construction was dipped in an aqueous solution of about 2 % polyethylene 
. glycol dialdehyde (3400 g/mol, Shearwater Polymers), with about 0. 1 % HCI as catalyst, for 
about 30 minutes, at about 75°C, to cross-link the vinyl alcohol groups of the adsorbed HPL- 1 
copolymer chains via acetalization. This film construction was rinsed in water to remove 
excess polyethylene glycol dialdehyde and HCI. The resulting film construction was an ePTFE 
35 support member having a first layer formed thereon. 
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dcsorption of the copolymer from the surface of the constructions and to copolymer chain 
migration on the surface of the constructions. The first film construction, i.e., with cross- 
linking, remained hydrophitic under the same conditions. 

In another stability test, the first and second film constructions were steam autoclaved at 
about 120°C for about 20 minutes, air dried, and then dipped in deionized water. When the 
second film construction was dipped in deionized water, the film construction was considered 
hydrophobic. In contrast, the first film construction became spontaneously wetted to 
completion with the deionized water and so was considered hydrophilic. These results are 
believed to indicate surface instability and clustering on the surface of the second film 
construction, leading to a reduction of wetting potential. On the other hand, the first film 
construction showed surfactant stability. 

Example 6 



This example illustrates a method for forming a first layer comprised of polymeric 
surfactants on an expanded polytetrafluoroethylene support member by adsorption and cross- 
linking of the polymeric surfactant on the exterior surfaces of an expanded 
polytetrafluoroethylene film, as well as, the surfaces delineating the porous regions of the film. 
The method is as follows. 

An ePTFE support member in the form of a film (W.L. Gore & Associates, Inc.), 
having a thickness of about 50 pm and a porosity as measured in Gurley seconds of about 22 
to 24, was prewetted with isopropyl alcohol and then immersed in a solution of about 1% 
polyvinyl alcohol (PVA) (Sigma) in distilled water (w/v) for about 5 minutes. This film 
construction was then immersed in distilled water for about 10 minutes to rinse unadsorbed 
bulk copolymer from the ePTFE surface. 

The adsorbed layer of PVA was cross-linked in situ on the ePTFE support member by 
dipping the film construction in an aqueous solution of about 5% glutaraldehydc, with about 
1 % HC1 as catalyst, for about 20 minutes, at about 25°C to cross-link the vinyl alcohol groups 
of the adsorbed PVA copolymer chains via acetalization. This film construction was rinsed in 
water to remove excess glutaraldehyde and HCI. The resulting film construction was an 
ePTFE support member having a first layer formed thereon. 

Example 7 

This example illustrates used of another reagent for cross-linking the polymeric 
surfactants of Example 6. The method is as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
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Zsl po.ycthy.ene g.yco. dia.dehyde and HC. The resulting film construct™ was an ePTFE 

support member having a first layer formed thereon. 
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This example illustrates used of another reagent for cross-linking the polymeric 
sur J^cf Example 6. The method is adapted from U.S. Patent No. 5,354,5*7, .ssued to 

Abavsekara, and is performed as follows. . 

" Following aLption of the surfactant ,o the surfaces 0,*= ^ 
E*amp.e 6. the f,lnt convene was dipped in . methanol* solutton ****** 
lln, hydroxide (KOH) fo. about 30 seconds followed by a. dtytng. The fin, 
potassmm y . j acaone soluuon of aboul 10% polyethylene glycol 

- about 5 mmures. The ftlm e^oedon « 
, „ ahout 75X for about 3 hours .0 cross-link the vinyl alcohol groups of the 

TZIZ J^ZIZ via epoxide a,coho,y S ,s. The Hint CO— « „n*d in 
r~ excess polyeftylene glycol di g ,yc,dy, eftc, and KOH. The reaulung 
2 clroction was .» ePTFE support member havtng . firs, layer fortned thereon. 

Example 9 

This example lilies the fonnation and atuchmen. of a second I. ye, ^mpmer. of 
the hydrophilic polymer polyvinyl alcohol (PVA) on the firs, .aye, fom-ed on ft. ePTFE 

S ^^,1 —I . was immersed m an 

, , , L (PVA) (Sigma), with abool 1 % HCI as catalyst, at abont 75'C. for aboot 5 

. , PVA was rinsed from the film construction by tmmersmg the 

wettable with liquid water. 
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This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polyvinyl alcohol (PVA) on the first layer formed on the ePTFE 
support member described in Example 6. 

The film construction of Example 6 was immersed in an aqueous solution of about 1.0 
% polyvinyl alcohol (PVA) (Sigma), with about 1 % HCI as catalyst, at about 25°C, for about 
10 minutes, to allow covalent attachment of PVA to free aldehyde groups remaining after the 
first layer has been cross-linked. Following attachment of the second layer to the first layer via 
acetal linkages, excess PVA was rinsed from the film construction by immersing the 
construction in water. The resulting film construction was immediately and spontaneously 
wettable with liquid water. 

Example 1 1 

This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polylysine on the first layer formed on the ePTFE support member 
described in Example 1 . 

The film construction of Example 1 was immersed in a buffered aqueous solution of 
about 0.5% polylysine hydrobromide (100,000 g/mol, Sigma) at about pH 9 at about 25 °C for 
about 2 hours to allow covalent attachment of polylysine to free surface aldehyde groups 
generated during cross-linking of the first layer. Cyanoborohydride was added to reduce the 
imine linkage to a secondary amine. Following attachment of the second layer to the first layer 
via imine linkages, excess polylysine was washed by immersing the film construction in 
distilled water. The resulting film construction was immediately and spontaneously water 
wettable. 

Example 12 



This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polylysine on the first layer formed on the ePTFE support member 
described in Example 6 . 

The film construction of Example 6 was immersed in a buffered aqueous solution of 
about 0.5% polylysine hydrobromide (100,000 g/mol, Sigma) at about pH 9 at about 25 °C for 
about 2 hours to allow covalent attachment of polylysine to free surface aldehyde groups 
generated during cross-linking of the first layer. Following attachment of the second layer to 
the first layer via imine linkages, excess polylysine was washed by immersing the film 



25 



PCTYUS97/09634 

VVO 97/46590 

construction in MM »ater. Cyanoborohydridc «• »"< d » — ' *» ^ 
^ amine. The rcsmttng film constntction « immediacy and spontaneously « 



wettablc 
5 Example 13 



10 



15 



20 



This example illustrates the stability of the first and second layers of the film 
construction described in Example 9. In the stability test, the film constructs of Example 9 
JastlTed in dunethy. formamide (DMF) at about 120»C for about 2 days. No statically 
Xi^deerease^ 

no detectable desorption of the fust and second layers from the surface of the support member 
H Z construe! L spontaneously and completely we«ed with liquid water. As a result, the 
surface of the film construction was considered to be stably hydroph.l.c. 

in another stability test of the first and second layers of the film construct™ of 
p JTg Z film consLion was immersed in about 5% HC. at about 80'C for about 2 
" in "d then au dned. Po»owin g this treatment, the film construction 
remained hydrophilic. 

Example 14 

This example illustrate the stability of the firs, and second layers of the film 
. H,JLi in Example 10. In the stability test, the film consunctton of Example 10 
constructs desenbed m Exampl No 

- — - " 1— — ravimetry. induing 

Example lTth e 22 Lotion was tmmersed in about 5% HC. a. about aO'C fo, about 2 
Temained hydrophilic. 
Example 15 
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decrease in the mass of the construction was observed using gravimetry, indicating no 
detectable desorption of the first and second layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 
5 " " 

Example 16 

This example illustrates the stability of the first and second layers of the film 
construction described in Example 10. In the stability test, the film construction of Example 10 
1 0 was extracted in distilled water at about 25'C for about 7 days. No statistically significant 
decrease in the mass of the construction was observed using gravimetry, indicating no 
detectable desorption of the first and second layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 
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This example illustrates the lack of decreased permeability of a film construction as 
described in Example 9. To evaluate the permeability of the film construction, scanning 
20 electron micrographs were first taken of the microstructure of the film construction to view the 
first and second layers on the nodes and fibrils of the ePTFE support member. The results of 
these micrographs showed no visible plugging of pores or bulk deposition of surfactant therein 
(See Figure 5). This indicates that the adsorption and cross-linking of the first layer and 
attachment of the second layer was very thin. 
» To further demonstrate that surfactant-treated ePTFE does not increase resistance to 

mass transport by plugging of pores, pore size was measured using a Coulter Porometer. A 
film construction was prepared as described in Example 9 and helically wrapped around a 
cylindrical mandrel to form a tube. The mean pore size of the film-tube construction was 
measured to be 0. 1 73 ± 0.006 urn, while the mean pore size of a similar untreated ePTFE 
tubing was measured to be 0.1 80 ± 0.001 M m. These data indicate no statistically significant 
, blockage of pores due to the first and second layers. 

To further demonstrate that an ePTFE support member having a first and second layer 
of the present invention does not increase resistance to mass transport by plugging of pores, 
the permeability of the film construction to glucose flux was measured. To test the 
permeability of the film construction to glucose flux an ePTFE film-tube construction was 
prepared as previously described. The glucose mass transport coefficient of the film-tube 
construction was measured to be 0.98 pm/sec, while the glucose mass transport coefficient of a 
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• -prpc tubin o was measured to be 0.25 urn/sec. These data indicate that the 
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traversed the thickness of the support member. 
Example 1 8 
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Example 19 
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the process, the film construction of Example 9 was immersed in a solution of about 5% 
glyoxylic acid (Sigma), with 1 % HC1 as catalyst, for about 15 minutes at about 80°C to 
acetalize the PVA of the second layer, thereby conjugating free carboxylic acid groups. The 
film construction was then immersed in an acetone solution of about 1 % N,N,N',N'- 
tetramethyl-0-(N-succinimidyl)uronium tetrafluoroborate (Fluka), with about 0.25% 
dimethylaminopyridine as catalyst, for about 2 hours, to convert the carboxylic acids to reactive 
succinimidyl esters. The film construction was rinsed in acetone, then immersed in a buffered 
solution of about 0. 1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 for about 24 hours to 
allow conjugation of the peptide onto the succinimidyl groups. 

Example 21 



This example also illustrates the immobilization of a bioactive species in the form of 
peptides to a film construction of the present invention as described in Example 9. To begin 

15 the process, the film construction of Example 9 is immersed in a solution of about 5% 

glyoxylic acid ; with about 1 % HC1 as catalyst, for about 10 minutes at about 80°C to place free 
carboxylic acid groups upon the PVA layer. The film construction is immersed in an aqueous 
buffered solution of about \% 1 -ethyl-3-(dimethylaminopropyl) carbodiimide (EDC) (Sigma) 
at about pH 5 for about 1 hour at about 4°C to convert the carboxylic acids to reactive O- 

20 acylureas. The film construction is rinsed in the buffered solution, then immersed in the 

buffered solution with about 0.1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 for about 24 
hours to allow conjugation of the peptide onto the O-acylureas. 



Example 22 

This example illustrates the immobilization of a bioactive species in the form of cells to 
a film construction of the present invention as described in Example 18. To begin the process, 
the film construction of Example 1 8 was seeded with rat insulinoma cells in cell culture 
medium. These cells have receptors that assist the cells in adhering to certain substrates or 
ligands. The Iigand, Gly-Arg-Gly-Asp-Ser, described in Example 18 is commonly known to 
bind to receptors on cells involved in adhesion of the cell to other cells, or other substrates. In 
the present invention, the Arg-Gly-Asp ligand was used to immobilize the rat insulinoma cells 
to the film construction of Example 18. As a comparison, unmodified ePTFE, ePTFE 
modified with a polyvinyl alcohol surfactant according to Example 10, but without Gly-Arg- 
Gly-Asp-Ser, and tissue culture polystyrene were each seeded with the same cells. Due to 
inertness, hydrophobicity, and slippery texture of ePTFE, cells do not easily adhere to ePTFE, 
if at all. Tissue culture polystyrene is commonly used as a substrate for a wide variety of cells 
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Example 23 
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These results demonstrate the presence of a continuous water phase across the film 
construction of the present invention sufficient for diffusion of nutrients, gasses, and wastes 
for cells to remain viable. The results also demonstrate that the film construction of the present 
invention was not toxic to cells. 

Example 24 

Many mammalian cells useful for biotechnology are adhesion dependent. For proper 
health of these cells, the cells must have a suitable surface upon which to adhere and spread If 
the cells are not provided with a suitable surface, their metabolic output may be reduced and in 
extreme circumstances cell death may occur. The present example illustrates that a membrane 
as described in Example 18 and formed into an assembly according to Example 23 may also 
maintain the viability of adhesion-dependent smooth muscle cells. 

Two film-tube constructions were initially made. A first construction was made as 
described in Example 1 8 having the peptide ligand Gly-Arg-Gly-Asp-Ser. A second 
construction similar to Example 10 was made. Each film construction was formed into a cell 
encapsulation device according to Example 23, following autoclaving. A hydrogel core in the 
form of a rod was inserted into each tubular cell encapsulation device. One end of each device 
was sealed with a constrictive silicone rubber cuff as described in Example 23. Each device 
was filled with a slurry of canine smooth muscle cells in cell culture medium. The remaining 
open end of each device was sealed using constrictive silicone rubber cuffs to prevent passage 
of cells out of the device. The film-tube construction of both cell encapsulation devices 
spontaneously wetted when exposed to the culture medium. The wetted film-tube . 
constructions became transparent and allowed visualization of the cells contained within the 
device. Both cell encapsulation devices were maintained in vitro using standard cell culture 
techniques. 

The morphological state of the cells was assessed by phase contrast microscopy. Cells 
immobilized within the second film construction were unspread on the surface of the 
construction with much cellular debris observed after 4 days in culture. Cells immobilized 
within the first film construction were spread upon the surface of the film-tube construction. 
. The cells remained spread on the surface of the first film construction for up to 1 6 weeks. 
These data suggest that for the immobilization of certain cell types, the presence of a 
continuous water phase for the transport of nutrients may be inadequate for their morphology 
and immobilization. Surface-bound bioactive ligands may be necessary for the proper 
35 morphology and viability of immobilized adhesion-dependent cell types. 
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Example 26 

Using ,he P ro.ocol of Exaraple 18, a Gly-Arg-Gly-Aso-Se, ligand was 

. . r ,PTFE vascular graft (W.L Gore it Associates. Inc., Flagstaff, AZ). 
* ,Ummal SU "; Ce : m ^w sled with canine endo.he.ia, cells. The cells were 
Followrag >™*J™^Z2 Adhesion of rae endothelial cells was assessed using 

TelnXi* The U>L stain showed a confluent raonoUyer of functional endolhelta. cells 
covering the entire .reeled surface of rae vascular graft. 

Example 27 

A vascular graft having a 6mm raner diameter nude 26 ™ 

asnicoagulant, were use4 Unto ^- .^.^ „„ ^ |uminal surfice 

of the graft. 
Example 28 
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PVA system having the bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereon as per 
Example 22. Therefore, cells may be immobilized onto a support member in a pattern by 
placing the first layer, the second layer, and the bioactive species in specific locations on the 
support member. 

5 For example, a construction of Example 10 was sandwiched between two other 

identical membranes. A rubber stamp having a distinct pattern was wetted with isopropyl 
alcohol. The isopropyl alcohol was applied to the membrane "sandwich n to wet ail the ePTFE 
layers with only the pattern of the stamp. The membrane sandwich was then treated according 
to the protocol of Example 1 8 to conjugate the peptide in the shape of the pattern on the rubber 

) stamp. The central membrane was removed from the sandwich configuration and seeded with 
canine endothelial cells. After about 12 hours, cells were immobilized in the shape of the 
pattern. No cells were seen adhered to the area of the ePTFE support member where the 
conjugated peptide had not been immobilized. The immobilized canine cells remained viable, 
immobilized, and confined to the patterned area of the support member for at least 4 weeks. 

I See Figure 10, for example. 

Example 29 

This example illustrates the present invention having a support member comprised of a 
polyester material. A film of polyester (Porctics) is first immersed in isopropanol to wet the 
membrane. The film is then immersed in a solution of 1% polyvinyl alcohol (PVA) (Sigma) 
for about 5 min to allow adsorption of the PVA. Next, the film is rinsed in deionized water for 
about 10 min. Lastly, the film is immersed in a solution of about 5% glutaraldehyde and about 
1 % HCI for about 20 minutes to cross-link the PVA in situ. The resulting film construction is 
a polyester support member having a first layer formed thereon. 

Example 30 

This example illustrates the present invention having a support member comprised of a 
polycarbonate material. A film of polycarbonate (Poretics) is first immersed in isopropanol to 
wet the membrane. The film is then immersed in a solution of 1 % polyvinyl alcohol (PVA) 
(Sigma) for about 5 min to allow adsorption of the PVA. Next, the film is rinsed in deionized 
water for about 10 min. Lastly, the film is immersed in a solution of about 5% glutaraldehyde 
and about 1 % HCI for about 20 minutes to cross-link the PVA in situ. The resulting film 
construction is a polycarbonate support member having a first layer formed thereon. 
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Example 34 

This example ~ me pre*-, tnvention having a support .ember comprised of , 
This example (Millipore) is first .mmersed in 

re „u to sc aeetate matenal. ^ in . soluti „„ of ,% polyvinyl 
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alcohol (PVA) (Sigma) for about 5 mm. to allow a tp 
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rinsed in deionized water for about 10 min. Lastly, the film is immersed in a solution of about 
5% glutaraldehydc and about 1 % HCI for about 20 minutes to cross-link the PVA in situ. The 
resulting film construction is a cellulose acetate support member having a first layer formed 
thereon. 

Example35 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 30. The film of 
Example 30 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 18, The resulting film construction is a polycarbonate support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 36 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 31. The film of 
Example 31 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 18. The resulting film construction is a polyethylene support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 37 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 32. The film of 
Example 32 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 18. The resulting film construction is a polyvinylidenefluoride support member 
having the bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 38 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 33. The film of 
Example 33 is treated additionally according to Example 10 to place a second layer thereon. 
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• v> mobilized with the bioactivc peptide Gly-Arg-Gly-Asp-Ser according to 
bioactive specie, Oly-Arg-Gly-Asp-Scr immobilized thereto. 
5 Example 39 

This example illustrates me ° f ■ ZtZlr^' 

bioactive species G.y-Arg-G.y-Asp-Ser immobilized thereto. 
Example 40 

' 5 This example illusua.es the immobilizatton of a bioactive specie in the form of cells to 

20 polypropylene films are unabfe to support me htumobitanKm of cells. 
Example 41 

This ™ mp .e m— - »— — h ™ E a s uppon T to* ° f " 

l ms examp cove rcd stent in the form of a composite. To 

25 expanded^,,— oe,hy to ^^"^ mlh a „ cPTFE , ubc . Once consrrocred. 
construe, the composrte, a nrtmol wrrc stent CO w foMowe<] 

by,mme,s,o„inasolu,.o„ .^^f.^ttO^^ 
(Wv) for .boo. ~ X„ ^eloL PVA is crossed accord* ,0 that 
,0 «-™^^*^^ te ^ 0 „ lhe oP TOs ^membercon,po«».f*« 
detailed in Example 6 to form a wa lay ^ iUusIrale() 

stent composite. A second layer is then appn 

member are linked 

i 11 Thymine croups now immobilized on ineerire 

,d *z ; — - ■ ^ *— spK,es - * rBuh,n6 cons,n,c " on ,s a 
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Example 42 

This example describes a method for the detection of the degree of cross-linking of the 
PVA. Fourier Transform Infrared Spectroscopy is used to detect the free hydroxy I groups 
before and after cross-linking. A shift in the hydroxyl group (OH) peak position from 
approximately 3349 cm* 1 to approximately 3383 cnH with a decrease in peak height is 
proportional to the degree of cross-linking. A decrease in the height of the peak of about 50% 
and a shift from approximately 3349 cm-i to approximately 3383 cnH when about 50% of the 
hydroxyl groups of the PVA are cross-linked. 

Example 43 



This example illustrates a method for the detection of excessive cross-linking of the of a 
first Jayer comprised of polyvinyl alcohol (PVA) in an article of the present invention. In the 
15 method, a first article was prepared according to Example 6. A second article was also made 
using a glutaraldehyde/HCl exposure of only 5 minutes. Both articles were steam sterilized 
and examined using FTIR. The article made according to Example 6 revealed a broad peak at 
about 1690 cm * and a sharp peak at about 1590 cm *. These peaks are believed to represent 
excess aldehyde groups present on the first layer and its partial hydrolysis products from steam. 
20 exposure. The article that was exposed to glutaraldehyde/HCl for 5 minutes showed a small 
peak at about 1690 cnH and no peak at about 1590 cnH. These results demonstrate that the 
PVA layer of the second article was cross-linked to a lesser extent than the PVA layer of the 
first article. Accordingly, an increase in the peak areas at about 1690 cm*' and 1590 cnH is 
indicative of the extent of cross-linking of the first layer of an article of the present invention. 



Example 44 



This example illustrates a method for detecting the presence of a second layer of PVA 
attached to a first layer of PVA in an article of the present invention. In the method, an article 

30 constructed according to Example 10 was steam sterilized and examined using FTIR. Strong 
peaks at about 2950 cnH and about 3350 cnH was seen under FTIR analysis. These peaks 
represent signals from the hydrocarbon backbone and the hydroxyl groups of the PVA, 
respectively, of the first and second layers. Peaks at 1590 cnH and 1690 cnH were not seen. 
The absence of peaks at 1590 cnH and 1690 cnH indicate that substantially all of the aldehyde 

35 groups from the cross-linking agent were consumed during the attachment of the second layer 
to the first layer. Accordingly, the ratio of peak area at about 2950 cnH to the peak area at 
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ahou. ,390 cnV is indicauvc of *. «H » which -ess. W « 

;!::„, ,*:».. — *« - . » „ *. ^ . 

Example 45 

Thc absence of a peak « ISO ^ ^ rf ^ ^ , ay „ 

^s-hnkin, a 8 e„ of ft. « a ^ 

fc -* 6 '°t ° ";<C ,o L peak area a. abou, .590 cm- is indicauve of fte ex.en. .0 
to a first layer in the present invention. 
Example 46 

This exan,p.e ~ » I—— * **» - ' — « "T" °' 
PVA^h ta «*e 1 y Si n=^-™^^ h « h '°- miMBr0UpOf,hC , 

re Ues on Boc pro.ec.ion of .he s-amine group of .he lys,nc mo.ecule, 

A cons.ruc.on of .he presen, invenoon hav,» 8 . second fayar accord,n 8 .o Example 
,0 is nnrnersed in a 5% soiunon of carhony,— e dissolved in anhydrous ace,o„= * 

Na HCO, 5 00mM N.C.. PH S.O, 4T). N-e-Boc-L-lysine (Bachem C»hforn,a, Tonance CA> 
' „ Solved in .he c„up„n 8 buffer a, a concen.ro.ion of lOn^l. The console, is immersed 
• t. ■ .,;„„ fnr 24 hr at 4'C with gentle agitation. 

30 m,h,S t— , 

.^rnran. The cons.ruc.ion is rhen i— in . — - «•* « - 
disS oL in rcrahydrofuran for 60 min. This is followed hy _e nnsm 8 ,n 
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tctrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
of the lysine unreacted, or free. 

Example 47 

This example illustrates another immobilization of lysine to a second layer comprised of 
PVA such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
10 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 
dimethyl formamide for 60 minutes. The construction is rinsed in dimethyl formamide. N-e- 
Boc-L-iysine (Bachem California, Torrance CA) is dissolved in dimethylformamide at a 
concentration of lOmg/ml. The construction is immersed in this solution for 24 hr at 4*C 
with gentle agitation. The construction is then rinsed in dimethylformamide. Next, the 
sample is immersed in a solution of 10% trifluoroacetic acid dissolved in dimethylformamide 
for 60 min., followed by successive rinsing in dimethylformamide, deionized water, and 
phosphate buffered saline. The resulting article contains lysine immobilized to the second 
layer exclusively via the a-amine terminus with the e-amine group of the lysine unreacted, or 
free. 

Example 48 

This example illustrates another immobilization of lysine to a second layer comprised of 
PVA such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 
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A construction of the present tnventton havtng a second layer according ,o Example 
■ d in a 5% sohmon of carbonyldiimidazol. dissolved in anhydrous acetone for 

l„CO ) , 5 00 m MNaCi.pH 8 .0,.C,.N.e,MOC.,, y s,»c ( Bac h e,nCa,iforn,a. T orrano= 
5 CA)is : s oWcd 1 n, h cconp,,n 8b uffcra l aco„ccn.a,i„nof,Onr g , ml .T h eco„s,roc, l s 

' immersed tn this solution for 24 hr. a, 4'C will, gentle aguanon. 

The consign is nnsed successive* in coupling ouftor, dcionreed water, and 
1Mrahydroro ran. The —on is then hnmeraed in a so.utton of ,0V. ,po„ »o 

10 ^ -^^rji— ----- 

immobilized to the second layer cxciusive.y 
of the lysine unreacled, or free. 

Example 49 

" This example illustrates another irmnobiUialion of lysine » a second layer comprised of 

PVAsuchrha.ihelys.nenro.eoulesareinr.ohdieedihrough.he.-annnegcoupof^ 

. , • .hoenmiDegcoupof.helysineBol^ulesa.unroac.ed.Th.sn.edrod 
molecule, while leaving the e-amine gro u 

.• „r th, t.amine group of the lysine molecules. 
™iies on FMOC protection of the e-amtne giu k 

20 ; cons Iionofthe P rese„t — — ^ 

.OisinunersedinaS* Ne 

„ r .Ominutes The construction is rinsed in dimethy.formam.de. N-e- 
dimelhYlformamide for 60 minutes, inc., 

,r Tn^nceCA) is dissolved in dimethylformam.de at a 

• io Th construction is dren rinsed , mmethylforrnamide. N«, the 

» 8en " e 3S ' 1 d i„ a 1 u ion of ,0% tnfluoroacettc acid dtssolved in dtmemylformamide 

for 60 mtn.. follow y .mmobitaed to the second 
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free. 

Example 50 

5 This example illustrates the immobilization of lysine to a second layer comprised of 

poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 

of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 

1 0 poly(cthy leneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 

anhydrous acetone for 60 minutes. The construction is successively rinsed in acetone, then 
aqueous buffer (150mM NaHC0 3 , 500mM NaCl, pH 8.0, 4'C). N-e-Boc-L-Iysine (Bachem 
California, Torrance CA) is dissolved in the coupling buffer at a concentration of lOmg/ml. 
The construct is immersed in this solution for 24 hr. at 4*C with gentle agitation. 

15 The construction is rinsed successively in coupling buffer, deionized water, and 

tetrahydrofuran. The construction is then immersed in a solution of 1 0% trifluoroacetic acid 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 

20 of the lysine unreacted, or free. 

Example 5 1 

This example illustrates another immobilization of lysine to a second layer comprised of 
25 poly(cthyleneimine) such that the lysine molecules are immobilized through the a-amine group 
of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
poly (ethy leneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 
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an „ y d,o„s diose-hylfonnarnide for 60 —cs. The conation is nnsed in 

. , a —ion of The conation is .rnnseaaed - 

Mlu , i o„fo,24hra,4-Cw i 0, S «...o. 8i u,ion. The conation ,a to nnsed . 

«^^ h, ~*™ -, " ,,,-, " ,< 

dls s„,ved in dimeshyKonnamide for 60 nsir,, fo..ow«. by s— nnang . 
e-aminc group of the lysine unrcacted, or free. 

) 

Example 52 

This exan-pie H- — — " " ' ^ " 
poly(ethyleneimiiie) soch - *. iyaino a,, u—ed *-* *. .-anona .oop 

m e,hod reHea on FMOC pnnea.ion ofshe e-a-nine 8 ,oup of she iyaine n»>«a„,es. 
A consul of ,ha preaen, .nvenuon hav,„ 8 a second iayea conapnsed of 

; n » W. solution of carbonyldiimidazole dissolved m 

rrrr:rrr :r ~ 

„ wvmnHRn 4'C, N-e-FMOC-L-lysine 

jhe —ion is nnaed successive* in buffer. de,on.ed wasea, and 

. .^ofura, Tbe —on is shen — in a so.ss.ion of ,0% p.pe„d,„e 
, *(mi n This is followed by successive rinsing in 

w nd laver exclusively via the a-amine terminus with the e-amme group 
immobilized to the second layer exciusive.y 

of the lysine unrcacted, or free. 
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This example illustrates another immobilization of lysine to a second layer comprised of 
poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 
of the molecule, while leaving the e -amine group of the lysine molecules are unreacted. This 
method relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
poly(ethyleneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 
.anhydrous dimethyl fonnamide for 60 minutes. The construction is rinsed in 
dimcthylfomiamide. N-e-FMOC-L-Iysine (Bachem California, Torrance CA) is dissolved in 
dimelhylformamide at a concentration of lOmg/ml. The construction is immersed in this 
solution for 24 hr at 4 - C with gentle agitation. The construction is then rinsed in 
dimethyl formamide. Next, the sample is immersed in a solution of 10% trifluoroacetic acid 
dissolved in dimethylformamide for 60 min., followed by successive rinsing in 
dimethylforniamide. deionized water, and phosphate buffered saline. The resulting article 
contains lysine immobilized to the second layer exclusively via the a-amine terminus with the 
e-amine group of the lysine unreacted, or free. 

Example 54 

This example illustrates the immobilization of lysine to a second layer comprised of 
poly (1-ly sine) such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCl, pH 8.0, 4'C). N-e-Boc-L-lysine (Bachem California, Tonance CA) 
is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is immersed 
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in this solution for 24 hr. at 4'C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deiomzed water, and 
tetrahydrofuran. The construction is then munersed in a solution of 10% trifluoroacetic acid 
dl ssolved in tetrahydrofuran for 60 min. This is followed by successive rinsmg .n 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysme 
immobtlized to the second layer exclusively via the a-amine termmus with the e-amine group 
of the lysine unreacted, or free. 



Example 55 

10 A F 

This example illustrates another immobilization of lysine to a second layer comprised of 
^(.-lysine) such that the lysine molecules are immobilized through .he a-amine group of me 
molecule, while leaving the c-aminc group of the lysine molecules are unreacted. This method 
relies on Boc protection of the a-amine group of the lysine molecules. 
15 A construction of the present invention having a second layer according to Example 

,2 is immersed in a 5% solution of carbonyldhmidazole dissolved in anhydrous 
dimethylfonnannd. for 60 min»,c S . The construction is rinsed in dimethylfonnamide. N-a- 
Boc-L-lysinc (Bachem Califomta. Torrance CM is dissolved in dtaerhylformamide a, a 
concentration of ,0mg/m.. The construction is immersed in this soluuon for 24 hr a, 4"C 
20 with gentle agitation. The construction is then rinsed in dimerhylformtmride. Near, the 

sample is immersed in a soluuon of 10% trifluoroaceric acid dissolved in dimetnylfomrannde 
for 60 min.. followed by successive rinsing in dimethylfonnamide. deionized water, and 
phosphate buffered saline. The reaulring article contains lysine immobilized ro the second 
layer exclusively via the a-amine temrinus warh rhe e-amine group ofthe „sine unreacted. or 

25 free. 

r 

Example 56 

This example illustrates another immobilization of lysine to a second layer comprised of 
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poly(Mysine) such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules arc unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCI, pH 8.0, 4'C). N-e-FMOC-L-lysine (Bachem California, Torrance 
CA) is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is 
immersed in this solution for 24 hr. at 4*C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deionized water, and 
tetrahydrofuran. The construction is then immersed in a solution of 10% piperidinc 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the E-amine group 
of the lysine unreacted, or free. 

Example 57 

This example illustrates another immobilization of lysine to a second layer comprised of 
poly(J-Iysine) such that the lysine molecules arc immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
1 12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 
dimethylformamide for 60 minutes. The construction is rinsed in dimethyl formamide. N-e- 
FMOC-L-lysine (Bachem California, Torrance CA) is dissolved in dimethylformamide at a 
concentration of lOmg/ml. The construction is immersed in this solution for 24 hr at 4'C 
with gentle agitation. The construction is then rinsed in dimethylformamide. Next, the 
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is .mmerscd in a soMion of 10% .rtftuoroaceric acid dissolved in dime.hy.fonn.mida 
fo, 60 min., followed b, successive rinsing in din«.hylformamide. deionized wa.ee, and 
pHosphare buffered saline. The manning anicle conuins lysine immobilized .0 she second 
, aye , exclusive,, via .he a-amine rermurus with .he e-amnre group of .he lysine unreaered. or 



free. 



Example 58 

This example Ulns.ra.es , vascular graft mad. win, ma.ertals of .ha presen. iovenuon. 
A vascular graft comprised of a porous poly-erranuoroemylene ma..nal (W.L. Gore * 
Msocia.es. Inc.. Bagsmff. AZ) is ob,a,ned and snhjecred ,o .he processes described .„ 
Examples I and 9, above, in order ,o prepare .he graft for immobUizauon of lysm. *e,e,o. 

46 .57 above. The resnfting vascular graft has lysine immobdized ,herc.o such ma, crcu.anng 
pUsrmnogen can aruch ro .he immobdized lysine and form a .hrombolyric blood comae, 
5M faee .hereon once .he graft is implanred in a recip.em. 
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is claimed is: 

A material having immobilized bioactive species comprising: 
a support member; 

a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in siiu; 

a second layer comprised of at least one species of a hydrophilic polymer attached to the 
first layer; and 

at least one type of bioactive species attached to the second layer. 

The material of claim 1 wherein the support member comprises a non-porous polymer 
material 

The material of claim 2 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
polyethylene-co-vinyl acetate, polyamide, polyurethanc, and regenerated cellulose. 

The material of claim 1 wherein the support member is selected from a member of the 
group consisting of silk, wool, and leather. 

The material of claim 1 wherein the support member comprises a porous polymer 
material. 

The material of claim 5 wherein the porous polymer material is selected from a member 
of the group consisting of porous polytetrafluoroethylene, porous polyethylene, porous 
polypropylene, porous polyethyleneterephthalate, porous polyurethane, porous silicone 
rubber, porous polystyrene, porous polysulfone, porous polyester, porous 
polyhydroxyacids, porous polycarbonate, porous polyimide, porous polyamide, 
porous polyamino acids, and porous regenerated cellulose. 

The material of claim 1 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
support member and at least one domain that is chemically reactive with a cross-linking 
agent. 



47 



PCT/US97/09634 

WO 97/46590 

The material of chin, . wherein .he hydrophilic polymer comprises chorally 
tocla, groops capable of anachmg . .he firs, layer and addiuona, chem,ca,,y 
tactional groups eapable of lacking .0 <he bioac.ive spaces. 

T!» material of claim . wherein the polymeric surfacan, of the first layer is selected 
' lornl group consisting of polyvinyl alcohol, polyethylene glycol, polypropyfcne 

ZTZZ agarose. alginate, polyacrylamide, polyglycdol. po,y(v,ny. alcohol-co- 
h ene) poWc.hyleneg.ycoLco.peopyteneg.ycol). polyvinyl acelate-co-vmy 

polysulfone. and .heir copolymers, either alone or in combmanon. 

• , r,,„i m I wherein the hydrophilic polymer of the second layer is selected 
a cid-acrylam,di»e>, polyacry.ic acid. polyhydroxye.hylmedr.cn.la^ 

combination. 

The materia, of claim 1 wherern the hydrophilic polymer comprises a random 
copolymer of telraflnoroethylene and vinyl alcohol. 

The material of claim 1 wherein the hydrophilic polymer comprises a copolymer of 
hydroayethylmethactylate and hcxafluoroacrylate. 

The materia, of claim 1 wherein the hydrophilic po,ymer comprises a copolymer of 
polyethylene and vinyl alcohol. 

The materia, of Cairn 1 wherein a spacer compound is interposed between the second 
layer and the bioactive species. 

, f^imUwhereinthespacercompoundisselectedfroinamemberofa 

polyethylene glycol, and glycine. 

48 



11. 



12. 



13. 



14 



15. 



WO 97/46590 PCI7US97/09634 
1 6. The material of claim 14 wherein the spacer compound is cieavable. 



17. The material of claim 16 wherein the cieavable spacer compound is selected from the 
group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 
and cysteine-linkers. 

1 8. A material having immobilized bioactive species comprising: 

a support member comprised of a polytetrafluoroethylcne material; 
a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ with sufficient amounts of a cross- 
linking agent so that unreacted chemically reactive groups of the cross-linking agent arc 
present; 

a second layer comprised of at least one species of a hydrophilic polymer attached to the 
first layer through the unreacted chemically reactive groups of the cross-linking agent; 
and 

at least one type of bioactive species attached to the second layer. 

19. The material of claim 1 8 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
support member and at least one domain that is chemically reactive with the cross- 
linking agent 

20. The material of claim 1 8 wherein the hydrophilic polymer comprises chemically 
functional groups capable of attaching to the unreacted chemically reactive groups of the 
cross-linking agent attached to the first layer and having additional chemically 
functional groups capable of attaching to the bioactive species. 

2 1 . The material of claim 1 8 wherein the polytetrafluoroethy Iene material is porous. 

22. The material of claim 18 wherein the polytetrafluoroethylene material is non-porous. 

23 . The material of claim 1 8 wherein a spacer compound is interposed between the second 
layer and the bioactive species. 

24. The material of claim 23 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 
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25 . The material of claim 23 wherein the spacer compound is cleavable. 

26 The material of claim 25 wherein the cleavab.e spacer compound is selected from the 
Ilpconsistmgo^ 
and cysteine-linkers. 

27 . A material having immobilized bioactive species comprising: 

rfXrCnsed of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in sUu with sufficient amounts of a cross- 
Unking agent so that unreacted chemically reactive groups of the cross-hnkmg agent are 

an layer comprised of at least one species of a hydrophilic polymer attached to the 
firsUayer tLgh ft. unreacted chemically reacuve groups of the cross-hnkmg agent; 

at L« one type of bioactive species attached to the second layer. 

28 . The materia, of claim 27 wherein the support member comprises a non-porous polymer 
material. 

29 The m*U of claim 28 wherein to non-porous polymer matem. h sleeted from . 
member of to group consisting of poLy.etnmuoroe.hyl.ne.polyeO.ylene, 

^pyiene pofyerhyienererephtohre. polystyr«K. pdysulfone, polyene, 
and regenerated cellulose. 

30. The .arena, of claim 27 wherein to support member comprises a porous polymer 
material. 

, , The material of claim 30 whemin to porous pofymer material is selected from a 
member of .he group consisting of porous poly.enanuoroorhy.ene. porous 
nolverhylene porous polypropylene, porous polyethyleneterephthalate. porous 
Z It a" e -rous A eone rubber, porous polys.yrene. porous polysu.fon, porous 

^I^P^ 

polyamtde. porous poly»"ino acrds. and porous regenerated cellulose. 

y, The malerial of claim 27 wherein topolymcric surfactant comprises a mulUfuncrioml 
I^me, comprised „. a. leas, one domam having a physicoehemica, arfmny for to 
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support member and at least one domain that is chemically reactive with the cross- 
linking agent. 

33. The material of claim 27 wherein the hydrophilic polymer comprises chemically 
functional groups capable of attaching to the unreacted chemically reactive groups of the 
cross-linking agent attached to the first layer and having additional chemically 
functional groups capable of attaching to the bioactive species. 

34. The material of claim 27 wherein a spacer compound is interposed between the second 
layer and the bioactive species. 

35 . The material of claim 34 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 



36. The material of claim 34 wherein the spacer compound is cleavable. 

37. The material of claim 36 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, poly anhydrides, polyamino acids, tartarates, 
and cysteine-Iinkers. 

38. A material having immobilized bioactive species comprising: 
a support member; 

a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ with sufficient amounts of a cross- 
linking agent so that unreacted chemically reactive groups of the cross-linking agent are 
present; and at least one type of bioactive species attached to the first layer. 

39. The material of claim 38 wherein the support member comprises a non-porous polymer 
material. 

40. The material of claim 39 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

4 1 . The material of claim 38 wherein the support member comprises a porous polymer 
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material. 

The material of chin, 4 1 wherein the porous polymer material is selected from a 
member of the 8 roop consisting of porous po.yle4rafluotbemy.ene, porous 
Hyetnylene, parous po.ypmpy.ene. porous po.ye.hy.^phUtala.c, porous 
££L .^rous silicone rubber, parous polystyrene, porous po.yau.fono, porous 
To, estcr, pol po,yhydro*yacids. porous po.ycarhonate, porous po.ytm.de. porous 
po.yamide, porous polyammo acids, and porous regencmred cellulose. 

The marerial of claim 38 wherem me polymeric surfactant comprises a multimnctiona. 
^me, compnseu of a. .east one domain having a physicochemtca. a, irury for the 
%Zn member and a, .east one domain ma, is chemically reactive w.,h me cross- 
linking agent. 

44. The materia, of claim 38 wherem a space, compound is m^sed between the firs, 
layer and the bioactive species. 

45 The ma,eria. of Cairn 44 wherem me space, compound is ae.eemd from a member of a 
^ consisting of succinic acid, diammohexane, glyoay.ic ac,d. short cham 
polyethylene glycol, and glycine. 

46. The material of claim 44 wherein the spacer compound is clcavable. 

Th e material of claun 46 wherein the cleavable spacer compound is selected from the 
^rconts^ of poiyhyd^acid, po.yanh^ides, pol y a mi no acid, ^es, 
and cysteine-linkers. 



47. 



48. 



A material hav.ng immobilized bioactive species comprising: 
layers. 



52 



WO 97/46590 PCT/US97/09634 

49. The material of claim 48 wherein the support member comprises a non-porous polymer 
material. 

50. The material of claim 49 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

5 1 . The material of claim 48 wherein the support member comprises a porous polymer 
material. 

52. The material of claim 51 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
polyurethane, porous silicone rubber, porous polystyrene, porous polysulfone, porous 
polyester, porous polyhydroxyacids, porous polycarbonate, porous polyimide, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

53. The material of claim 48 wherein a spacer compound is interposed between at least one 
layer of the plurality of layers and the bioacti vc species. 

54. The material of claim 53 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 

55 . The material of claim 53 wherein the spacer compound is cleavable. 

56. The material of claim 55 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, poly anhydrides, polyamino acids, tartarates, 
and cysteine-linkers. 

57. A method of making a material having immobilized bioactive species which comprises: 
providing a support member; 

adsorbing a first layer comprised of polymeric surfactants to the support member; 
cross-linking the polymeric surfactants in situ with a cross-linking agent; 
attaching a second layer comprised of at least one type of hydrophilic polymer to the 
first layer, and 
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immobilizing a bioactive species to the second layer. 
„. The method of claim 57 wberein the support member is anon-poroos poly- matenal. 
„. The method of Cairn 57 wherein me support member is a parous polymc, materia,. 

u a ,M*, 57 wherein the polymeric surfactants are selected from a member 

glycol dextmn. propy le„eglycol), poly(vmyl aceau-co-vmyl 

. An nnlv lvsine polyethyieneimine, polyvinyl pyrrolidone, 
^r«— ,e.;,y S o,ro„e.a„dpo,ysaeearide,.odme ir eopo„me.. 

either alone or in combination. 

th , of daim 57 wherein the hydroph.lic polymers are selected from a member 

Lcrylld^ 

polyvinylpyrrolidone, polyethylene glycol, alginate, sepharo e. aga^s , 
combination. 

u a f^imSTwhereinthecross-liTJdngagentisselectedfromamemberof 
tt . The method of clam, 5 J h J ^ carbamateS) aldehydes , epoxides, acyl 

the group consisting of vmy Is, mnaa . alco hols, thiols, esters, 

halides, akyl halides, isocyanates, am.nes, anhydrides, acids, 

imides, and maleimides. 
Theme*odofc.a^ 

using a sufficient amount of cro s tatag* c^firfdn, 
surfactants m 5/m so that unreacted chemically reactive gr P 

agent are present. 
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conditions that do not produce polymerization of the cross-linking agent. 

65. The method of claim 57 further comprising: 

using a catalyst with the cross-linking agent that evolves as a gas following the cross- 
linking step. 

66. The method of claim 57 further comprising: 

using a catalyst with the cross-linking agent in the form of a dissolved gas. 

67. The material of claim 1 wherein the material is produced through the following process: 
providing a support member; 

attaching a first layer comprised of polymeric surfactants to the support member; 
cross-linking the polymeric surfactants in situ with a cross-linking agent; 
attaching a second layer comprised of at least one type of hydrophilic polymer to the 
first layer; and 

immobilizing a bioactive species to the second layer. 

68. The material of claim 67 wherein the support member comprises a non-porous polymer 
material. 

69. The material of claim 68 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

70. The material of claim 67 wherein the support member comprises a porous polymer 
material. 

7 1 . The material of claim 70 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
polyurethane, porous silicone rubber, porous polystyrene, porous polysulfone, porous 
polyester, porous polyhydroxyacids, porous polycarbonate, porous polyimide, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

72. The material of claim 67 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
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support member and at least one domain that is chem.cally reactive with the cross- 
linking agent. 

73. The material of claim 67 wherein a spacer compound is interposed between the first 
layer and the bioactive species. 

74 The material of claim 73 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short cha.n 
polyethylene glycol, and glycine. 



75. The 



material of claim 73 wherein the spacer compound is cleavable. 



76 The material of claim 75 wherein the cleavable spacer compound is selected from the 
' group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 
and cystcine-linkers. 

77. A vascular graft comprising: 

first layer; and , _ , 

at .east one isomer of lysine attached to the second layer, the second layer and 

immobilized lysine serving as a blood contact surface. 
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